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Edited by Julian SchroederAbstract It is well known that changes in abiotic conditions
such as the concentration of ions, temperature and humidity lead
to modulation of polyamine contents in plants. However, little is
known about the relevant parts these polyamines play in abiotic
stress responses. Here we addressed a speciﬁc role of spermine
during high salt stress using an Arabidopsis double knockout-
mutant plant (acl5/spms) which cannot produce spermine. The
mutant showed higher sensitivity to high salt than wild type
plants. This phenotype was cured by exogenous spermine but
not by the other polyamines putrescine and spermidine, suggest-
ing a strong link between spermine-deﬁciency and NaCl-hyper-
sensitivity. The mutant was also hypersensitive to high levels of
KCl but not to MgCl2 or to high osmoticum. NaCl-hypersensitiv-
ity of the mutant was compromised by treatment with Ca2+ chan-
nel blockers. Moreover, the mutant showed poor growth on
Ca2+-depleted Murashige–Skoog agar media. The data suggest
that the absence of spermine causes an imbalance in Ca2+
homeostasis in the mutant plant. Based on the data obtained,
we propose a model for a role of spermine in high salt stress
responses.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Polyamines (PAs) are organic polycations found in all living
organisms. In higher plants putrescine (Put), spermidine (Spd),
and spermine (Spm) are the most abundant PAs [1] and are
implicated in various developmental processes [2,3]. Because
the levels of PAs increase during the adaptation to stresses in
a variety of plants, it is thought that they are also involvedAbbreviations: ADC, Arg decarboxylase; Arg, arginine; CAX, calcium
exchanger; CDPK, calcium dependent protein kinase; CLC, chloride
channel; GluR, glutamate receptor; MPK, mitogen-activated protein
kinase; PA, polyamine; PAO, polyamine oxidase; PCR, polymerase
chain reaction; Put, putrescine; RT, reverse transcription; SAM,
S-adenosylmethionine; SOS, salt overly sensitive; Spd, spermidine;
SPDS, Spd synthase; Spm, spermine; SPMS, Spm synthase
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doi:10.1016/j.febslet.2006.10.078in these processes [4]. However, the physiological role of
stress-induced PA accumulation remains unknown.
In general, Put is produced by two alternative routes in plant
cells: one is the direct conversion of ornithine to put by orni-
thine decarboxylase, and the other is an indirect route
initiated from arginine (Arg) by Arg decarboxylase (ADC)
via agmatine. The model plant Arabidopsis thaliana lacks orni-
thine decarboxylase activity which restricts the biosynthesis of
PAs to the second pathway [5] with ADC as a key enzyme. Put
is subsequently converted to Spd, and then to Spm by the sy-
mmetrical addition of an aminopropyl moiety from decarbox-
ylated S-adenosylmethionine (SAM), which is produced from
SAM by SAM decarboxylase. These steps are mediated
through the action of two closely related but distinct enzymes,
Spd synthase (SPDS) and Spm synthase (SPMS). In Arabidop-
sis, there are two genes coding for ADC (ADC1 and ADC2),
two expressed genes for SAM decarboxylase, two genes
(SPDS1 and SPDS2) for SPDS, and two genes (ACL5 and
SPMS) for SPMS [6–8].
Recent studies showed that acl5/spms double knockout
mutants lack detectable Spm but show no morphological phe-
notype except for reduced stem elongation associated with the
acl5 mutation [9], and that both adc1/adc2 and spds1/spds2
double knockout mutants were embryo-lethal [10,11]. Thus it
was concluded that Put and Spd are essential for normal
growth of Arabidopsis, while Spm is not.
Here we asked what functions Spm might play in higher
plants. We found that the lack of Spm in the Arabidopsis
acl5/spms mutant causes hypersensitivity to NaCl, possibly
due to impaired Ca2+-homeostasis, and discuss how Spm helps
the plants to cope with high salt stress.2. Materials and methods
2.1. Plant material and growth condition
Arabidopsis thaliana ecotype Columbia (Col-0) and its mutant deri-
vative, acl5/spms, were used in all experiments. Sterilized seeds were
placed on 1/2 MS agar (0.8%) plates (pH 5.7) containing 1% sucrose
and B5 vitamin. Plates were kept inclined with an angle of ca. 85
and incubated at 22 C in a growth chamber with a photocycle of
16 h light/8 h dark.2.2. Various treatments
For salt treatment 10-day-old seedlings were carefully detached
from agar plates and transferred to 1/2 MS agar plates containingblished by Elsevier B.V. All rights reserved.
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to MS medium with or without 225 mM NaCl. In case of inhibitor
treatments, seedlings were incubated on wet ﬁlter paper containing
0.5 mM La3+ and 50 lM verapamil, respectively, for 12 h before being
subjected to NaCl treatment.
2.3. Chlorophyll quantiﬁcation
The chlorophyll content was determined according to the method of
Lichtenthaler [12].
2.4. Total RNA preparation and reverse transcription (RT)-polymerase
chain reaction (PCR) analysis
10–14-day-old seedlings were harvested, frozen in liquid nitrogen
and stored at 80 C until use. Total RNA was prepared by a proc-
edure described by Shirzadegan et al. [13]. RT-PCR was performed
as described [14]. Arabidopsis tubulin gene was ampliﬁed using a pair
of speciﬁc primers (see supporting appendix) to conﬁrm equal loading.
The products were fractionated by electrophoresis on a 1% agarose gel,
stained with ethidium bromide, and scanned using a ﬂuorescent image
analyzer.2.5. Real-time quantitative RT-PCR analysis
CAX1, 2, 3 mRNA levels were quantitated by real-time RT-PCR
with QuantiTect SYBR Green RT-PCR Kit (Qiagen) and a DNA
EngineOpticon System (MJ Research). A standard curve was co-
nstructed from CAX1, 2, and 3 RNAs and the values were normal-
ized to tubulin levels. Primers used for real-time PCR are described in
the supporting appendix.2.6. Statistical treatment of the data
The statistical signiﬁcance of the experiments was analyzed by
Student’s t-test. Statistical analyses were performed using Microsoft
Excel software and Statcel2.Fig. 1. Spm-deﬁcient Arabidopsis plants are hypersensitive to high salt stress
hypersensitivity. (A) Phenotypes of WT and acl5/spms double mutant plant
containing 225 mM NaCl (right panel) after transfer of 10 days-old seedlings
deﬁcient mutant plants, respectively. Experiments were repeated more than t
and acl5/spms seedlings treated with 225 mM NaCl for 4 days as in (A). Mean
treatment and the mean value of WT seedlings grown on MS agar media for 4
acl5/spms mutant, respectively. (C) PA Spm rescues acl5/spms seedlings from
grown for 4 days on MS agar media (upper panels) and MS agar media cont
right: no addition, Put, Spd, and Spm. Experiments were repeated more than t
spms seedlings grown for 4 days on 1 mM PA-containing MS media in the abs
No treatment with NaCl (open bar) and 225 mM NaCl treatment (ﬁlled bar3. Results
3.1. A Spm-deﬁcient mutant is hypersensitive to high salt stress
and exogenous Spm cures its phenotype in a speciﬁc manner
In Arabidopsis, two loci, acl5 and spms, are responsible for
Spm synthase activity [8]. An acl5/spms double knockout
mutant is unable to synthesize Spm, but is still able to ﬁnish
its whole life cycle [9]. This mutant (referred to as Spm-deﬁ-
cient or acl5/spms mutant in this work) contained similar levels
of Put and Spd compared to wild type (WT) plants, and it
manifested a dwarf phenotype at a later growth stage, while
no apparent diﬀerence in growth was observed at earlier stages
(up to 3 weeks after germination). Therefore, we used 10–
14-day-old seedlings in the following experiments. We initially
addressed whether the Spm-deﬁcient mutant is more sensitive/
tolerant to increased concentration of NaCl than WT. As seen
in Fig. 1A, the acl5/spms mutant was hypersensitive to
225 mM NaCl accompanied by a 40% lower chlorophyll
content than that of WT (Fig. 1B). A similar response was
observed at 150 and 200 mM NaCl concentrations (data not
shown).
To test further a link between Spm deﬁciency and increased
sensitivity to high salt stress in the acl5/spms double mutant,
PAs were exogenously supplied at 1 mM in an assay system.
Under non-stressed conditions, PAs including Spm did not
have any eﬀects on the growth of Spm-deﬁcient mutant plants
(Fig. 1C). The NaCl-hypersensitivity of the mutant, however,
could be rescued speciﬁcally by exogenous Spm (Fig. 1C) while
Put and Spd at 1 mM each did not have such eﬀects (Fig. 1C).and exogenous Spm speciﬁcally rescues acl5/spms seedlings from NaCl-
s, grown for 4 days on MS agar media (left panel) or MS agar media
. In each panel, the left side and right side correspond to WT and Spm-
hree times with similar results. (B) Relative chlorophyll content in WT
s ± S.E. of chlorophyll content in 30 seedlings were calculated for each
days after transfer is set as 100%. Open and ﬁlled bars indicate WT and
NaCl hypersensitivity. Phenotypes of Spm-deﬁcient mutant seedlings
aining 225 mM NaCl (lower panels) with or without PAs. From left to
hree times with similar results. (D) Relative chlorophyll content in acl5/
ence (upper panel) or presence (lower panel) of 225 mMNaCl as in (A).
).
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added PAs were taken up by Arabidopsis cells. Measurement
of the chlorophyll contents of those seedlings conﬁrmed the
results of visual inspection (Fig. 1D); addition of Spm led to
a 44% recovery in chlorophyll content compared to the control
in which none of the PAs were added, whereas Put and Spd did
not show any protective eﬀect against NaCl stress. The result
suggests that Spm has a protective role in high salt stress
through an as yet uncharacterized mechanism.Fig. 2. RT-PCR analysis of various stress-responsive genes in WT and
acl5/spms seedlings with or without treatment of 225 mM NaCl. (A)
SOS signaling pathway members, (B) CDPK- and MPK-genes, (C)
stress-inducible genes, (D) genes involved in proline metabolism, and
(E) CLC genes. Total RNAs, prepared fromWT and acl5/spmsmutant
seedlings treated with 225 mM NaCl for 6 h, were reverse-transcribed
and subjected to PCR. Tubulin was used as a control.3.2. Expression of SOS (salt overly sensitive) signaling pathway
genes in response to salt stress is not altered in the
Spm-deﬁcient mutant
Adaptation mechanisms to high salt have been characterized
at the molecular level in Arabidopsis [15]. In brief, a rapid,
transient increase of cytosolic Ca2+ acts as a second messenger
in salt stress. The Ca2+ signal is sensed by SOS3, an EF-hand
type Ca2+ binding protein with sequence similarity to the cal-
cineurin B subunit, causing a conformational change which
leads to interaction with SOS2, a protein kinase of the
SNF1-related kinase family. This interaction results in SOS2
activation. Activated SOS2 phosphorylates SOS1, a plasma-
membrane Na+/H+ antiporter, resulting in eﬄux of excess
Na+ ions. This SOS3/SOS2 complex also inhibits the activity
of HKT1, a low aﬃnity Na+ transporter to prevent Na+ entry
to cytoplasm. SOS2 also interacts with and activates NHX, a
vacuolar Na+/H+ exchanger, for sequestrating excess Na+ ions
to vacuoles. We have examined the steady-state mRNA levels
of the SOS signaling members and the genes of stress-respon-
sive kinases in WT and the SPM-deﬁcient mutant plants trea-
ted with or without 225 mM NaCl for 6 h. At least at
transcriptional levels, we could not see any diﬀerence in
SOS1–3, NHX1 and NHX5, HKT1, two calcium dependent
protein kinase (CDPK) genes and three mitogen-activated pr-
otein kinase (MPK) genes (Fig. 2A and B). The result suggests
that the SOS signaling pathway and its interacting components
are not aﬀected at the transcriptional level by the absence of
Spm. The representative stress-responsive genes such as
RD22, the genes involved in proline metabolism, and the genes
encoding chloride channels (CLCs) responded similarly in WT
and Spm-deﬁcient mutant plants upon salt stress treatment
(Fig. 2C–E).3.3. acl5/spms Double mutant is hypersensitive to high levels of
KCl but not to high levels of MgCl2 and mannitol
High concentration of NaCl disrupts homeostasis in water
potential and ion distribution [16]. This homeostatic disru-
ption occurs at both the cellular and the whole plant levels,
resulting in molecular damage, growth arrest, or death. To
clarify the molecular basis of the above hypersensitive phe-
nomena, we next examined the sensitivity of the Spm-deﬁcient
mutant to other ions and high osmoticum. The acl5/spms
mutant showed a similar sensitivity to 364 mM mannitol
(equivalent to 200 mM NaCl in osmotic pressure) compared
to WT. Chlorophyll content of the mutant was not aﬀected
by this level of osmotic stress (Fig. 3). The mutant plant
showed no diﬀerence in sensitivity to the range of 50–
150 mM MgCl2 (Fig. 3, data not shown) compared to WT.
By contrast, the mutant was hypersensitive to 225 mM KCl
and a decrease in chlorophyll content correlated with the
visible phenotype (Fig. 3).3.4. Spm-deﬁciency may impair Ca2+ homeostasis
The Spm-deﬁcient mutant plant showed hypersensitivity to
increased concentrations of Na+ and K+, but no diﬀerence in
sensitivity to high concentrations of Mg2+, Cl and mannitol.
These overall phenotypes resemble those displayed by tran-
sgenic plants overexpressing either the AtGluR2 gene encoding
a glutamate receptor (GluR) [17], or Arabidopsis CAX1 (for
CALCIUM EXCHANGER 1) encoding a vacuolar Ca2+/H+
antiporter [18]. Thus, we examined the eﬀect of Ca2+-channel
inhibitors, La3+ and verapamil, on the phenotype of NaCl-
hypersensitivity displayed by the Spm-deﬁcient plants. Trea-
tment with the channel blockers prior to exposure to increased
concentration of NaCl reduced the NaCl-hypersensitivity of
Spm-deﬁcient plants, and resulted in almost no diﬀerence in
NaCl sensitivity between WT and the acl5/spms double mutant
(Fig. 4).
3.5. The Spm-deﬁcient mutant plant may have a defect in Ca2+
utilization
The AtGluR2- and CAX1-transgenic plants mentioned
above displayed symptoms of Ca2+-deﬁciencies [17,18].
Fig. 3. Spm-deﬁcient Arabidopsis plants were hypersensitive to high
concentration of KCl but not high osmoticum. Ten-day-old WT and
acl5/spms seedlings were transferred to 364 mM mannitol-, 225 mM
KCl- and 150 mM MgCl2-containing MS agar media and incubated
another 4 days. Relative chlorophyll content of WT and Spm-deﬁcient
mutant seedlings after transfer to 364 mM mannitol-, 225 mM KCl-,
and 150 mM MgCl2-containing MS agar media for 4 days was
displayed. The mean value of WT seedlings grown under none-stressed
condition for 4 days after transfer is set as 100%; WT (open column),
Spm-deﬁcient mutant (black column).
Fig. 4. Spm-deﬁcient mutant seedlings may have an imbalance in
Ca2+-homeostasis. Ten-day-old WT and Spm-deﬁcient mutant seed-
lings were pretreated with inhibitors of calcium channels, La3+
(0.5 mM) and verapamil (50 lM), for 12 h, then transferred to
225 mM NaCl-contained MS agar media and incubated for 4 days.
Their chlorophyll contents were measured. Please see the legend of
Fig. 3.
Fig. 5. (A) Appearance of WT and Spm-deﬁcient mutant (acl5/spms)
seedlings grown on Ca2+-depleted MS agar media for 3 weeks. (B)
Relative fresh weight of WT and Spm-deﬁcient mutant seedlings
grown on Ca2+-depleted media for 3 weeks. Data presented are the
means ± S.E. of fresh weight. N = 28. Open column, WT; ﬁlled
column, Spm-deﬁcient mutant.
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Spm-deﬁcient mutant plants. WT and mutant Arabidopsis
seeds were placed on Ca2+-depleted MS agar media and incu-
bated for another 3 weeks. Clear growth retardation of the
mutant was observed (Fig. 5A). Fresh weights of the mutant
plants were about half of those of WT plants (Fig. 5B).
3.6. CAX genes are upregulated in the Spm-deﬁcient mutant
To examine the expressional diﬀerence of CAXs and AtG-
luR2 genes between WT and the Spm-deﬁcient mutant plants,
we have performed a real-time RT-PCR analysis. The relative
ratios of CAX1, CAX2 and CAX3 expression in the Spm-deﬁ-
cient mutant were 1.86 ± 0.20, 1.55 ± 0.15 and 5.49 ± 1.74,
respectively, compared to the expression in WT which was
set to 1, upon exposure to 225 mM NaCl for 6 h. While AtG-
luR2 expression was almost the same in WT and mutant seed-
lings.4. Discussion
In this study, we demonstrated that the absence of the PA
Spm in Arabidopsis caused a defect of Ca2+ homeostasis and
resulted in hypersensitivity to ionic stress. These results are evi-
dence of a protective role for Spm in the context of responses
to ionic stress in Arabidopsis.
The E. coli genome does not contain a gene encoding Spm
synthase [19]. The SPE4 gene encoding Spm synthase is not
essential for normal growth of yeast cells [20]. Similarly, mouse
ﬁbroblast cells with a disrupted Spm synthase gene lack Spm
and exhibit a greater accumulation of Spd, which does not
have any signiﬁcant eﬀect on cellular growth [21]. Also in
higher plants, Spm is not essential for normal growth [9]. In
contrast, a splice mutation of a Spm synthase gene in human
cells has been shown to be associated with Snyder–Robinson
syndrome, an X-linked mental retardation disorder [22]. These
ﬁndings suggest that Spm is not required for apparent growth,
but may have a specialized function in eukaryotic systems. Our
present ﬁnding supports this notion.
To adapt to NaCl stress, Arabidopsis plants transduce a
major signal using the SOS pathway [15]. Components of the
pathway and their interacting partners are well elucidated.
To determine whether the SOS signaling is altered in the
Spm deﬁcient mutant we tested for changes in transcript levels
of the genes involved in the early stage of NaCl stress. The
result indicates that in the mutant all the components
responded to NaCl stress the same way as they did in WT
(Fig. 2). We tentatively concluded that the regulation of the
SOS pathway in the early response to NaCl stress is not altered
in the mutant. However, it is quite possible that this pathway is
aﬀected in a later stage of NaCl stress and/or through cross-
talk with Ca2+-signaling, since SOS3 is a Ca2+-binding protein
and the SOS2 kinase is known to activate the Arabidopsis
Ca2+/H+ antiporter CAX1 (see below) [23]. Possible changes
in the cross-talk between the SOS pathway and Ca2+-signaling
pathway have to be investigated in future work.
To explain how Spm deﬁciency causes an imbalance of Ca2+
homeostasis and renders host plants hypersensitive to high salt
is challenging. Sanders et al. [24] summarized the major iden-
tiﬁed Ca2+ transport pathways in Arabidopsis cell membranes.
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ing AtGluR2 or CAX1 displayed similar phenotypes in ionic
hypersensitivity and Ca2+ deﬁciency to those shown by the
Spm-deﬁcient mutant plants [17,18]. Arabidopsis plants con-
tain 19 genes encoding ionotropic GluRs, the neurotransmit-
ter-gated ion channels found in the vertebrate central
nervous system [17]. Plants overexpressing AtGluR2, encoding
a product that functions in Ca2+ inﬂux at the plasma mem-
brane, showed hypersensitivity to Na+ and K+ but not to
Mg2+. CAX1 is a vacuolar Ca2+/H+ exchanger and plays a role
in plant Ca2+ homeostasis [18]. Those ﬁndings suggest that reg-
ulated expression of those Ca2+ pathway members is critical
for normal growth and adaptation to abiotic stresses.
In relation to this, it is notable that CAX1, CAX2 and CAX3
transcript levels were upregulated to ca. 1.9-, 1.6- and 5.5-fold,
respectively, in the high-salt-treated Spm-deﬁcient mutant
compared to the stress-treated WT. In contrast to CAX1, the
role of CAX2, which recognizes Cd2+ and Mn2+ as well as
Ca2+, in plant growth and ion homeostasis is currently
unknown [25]. CAX3 is a vacuolar Ca2+/H+ antiporter like
CAX1. A single mutant of CAX1 and CAX3 displayed subtle
phenotypes, while the double mutant, cax1/cax3, exhibited a
severe reduction of growth and abnormal ion proﬁles, suggest-
ing that functional association of CAX1 and CAX3 is required
for normal growth and ion homeostasis [26]. Thus, the
concerted higher induction of CAX1 and CAX3 may partly
explain the Ca2+ deﬁciency symptom displayed by the Spm-
deﬁcient mutant.
In animal cells, modulation and block of several types of cat-
ion channels by PAs were reported [27,28]. PAs, in particular
Spm, contribute to intrinsic gating and rectiﬁcation of inward
rectiﬁer K+ channels [29]. Intracellular Spm is also responsible
for inward rectiﬁcation of some types of Ca2+-permeable
AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid) and kainite receptors. Spm acts at extracellular sites to
potentiate the activity of the NMDA (N-methyl-D-aspartate)
subtype of GluR [27]. In most of the cases, Spm is more potent
than Spd and considerably more potent than Put. Knowledge
on modulation of cation channel activity by PAs has been
recently extended to plants. Bru¨ggemann et al. [30] showed
that cytoplasmic PAs block a fast-activating vacuolar (FV)
cation channel from barley. They showed that, among PAs,
Spm strongly inhibited the FV channel at a range of a few
lM, while Spd and Put blocked it at ranges of a few hundred
lM and several mM, respectively. Dobrovinskaya et al. [31]
also showed the inhibition of FV and slow-activating vacuolar
(SV) channels from red beet taproot by PAs. Again the eﬃ-
ciency of PAs to block FV channels increased with the net
charge. Absence of Spm fails to block those vacuolar channels,
causing Ca2+- or K+-release from vacuole to cytoplasm. This
may also explain the imbalance of Ca2+ homeostasis and K+
hypersensitivity found in the Spm-deﬁcient mutant plants.
Leakage from vacuoles of sequestrating Na+ is likely to occur
in the mutant plants. Another explanation of ion hypersensi-
tivity is that more Na+ and K+ ions enter through a low aﬃn-
ity K+ channel of the cytoplasmic membrane in the mutant
cells compared to WT cells because of relaxed cation speciﬁcity
of this channel.
To date, numerous reports have pointed out a possible link
between PAs and abiotic stresses in plants. However, they
provided only circumstantial proof. Here we showed that a
Spm-deﬁcient mutant plant is hypersensitive to high salt stressand that this phenotype was abrogated by exogenously applied
Spm. Furthermore, this mutant plant exhibited a symptom of
Ca2+ deﬁciency. Based on the data obtained, we propose a
model describing a protective role for Spm during salt-stress.
Salt-treated plants enhance PA biosynthesis, and the resulting
higher level of Spm modulates the activity of certain Ca2+-per-
meable channels and change Ca2+ allocation compared to
unstressed state, which may result in (i) prevention of Na+/
K+ entry to the cytoplasm, (ii) enhancement of Na+/K+ inﬂux
to the vacuole, or (iii) suppression of Na+/K+ release from the
vacuole.
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